[1] This paper reports the results of a series of resonant column tests on specimens where gas hydrate has been formed in sands using an ''excess water'' technique. In these specimens the amount of hydrate formed is restricted by the amount of gas in the specimen and with an excess of water being present in the pore space. Results of resonant column tests carried out to determine compressional and shear wave velocities suggest that gas hydrate formed in this way are frame supporting. In contrast, the behavior observed in sands where the hydrate is formed from finite water where the remaining pore space is saturated with methane gas, termed in this paper the ''excess gas'' method, exhibits a cementing behavior, while tetrahydrofuran-hydrate sands or where the hydrate is formed from dissolved methane within the pore water, exhibit a pore-filling behavior for hydrate saturations less than 40%. For sands where the hydrate is formed using the excess water method, much larger volumes of hydrate are required before a significant increase in shear wave velocity occurs, although increases in compressional wave velocity are seen at lower hydrate contents. These results suggest that hydrate interaction with the sediment is strongly dependent on morphology, and that natural hydrate may exhibit contrasting seismic signatures depending upon the geological environment in which it forms.
Introduction
[2] The importance of gas hydrate either as an energy resource [Collett and Ladd, 2000; Kerr, 2004; Ruppel, 2007] as a driver for global climate change [Kvenvolden, 1993; Haq, 1998] or as a contributing factor in large submarine landslides [Meinert et al., 1998; Sultan et al., 2004; Nixon and Grozic, 2007] , can only be fully assessed by accurately mapping the occurrence and concentration of hydrate within sediments and quantifying the effect that hydrates have on sediment properties. Natural gas hydrates are predominantly made from methane gas and water. Due to the temperature and pressure conditions that are required for their formation and stability [Kvenvolden and Lorenson, 2001] , they are found in deep marine and subpermafrost sediments. Remote sensing techniques, measuring compressional wave velocity, V p , and shear wave velocity, V s , have been predominantly employed to obtain seismic data on these sediments [Hyndman and Spence, 1992; Paull et al., 1996; Collett et al., 1999; Tréhu et al., 2003; Expedition 311 Scientists, 2005] . Various models have been hypothesized to correlate hydrate saturation to changes in the seismic velocities of the sediment [Korenaga et al., 1997; Helgerud et al., 1999; Ecker et al., 2000; Chand et al., 2004 Chand et al., , 2006 Lee and Waite, 2008] .
[3] The changes in seismic velocities are dependent on how hydrate interacts with the sediment, for example whether hydrate cements the sediment frame, fills the sediment pores without interacting with the sediment frame, or interacts with the sediment frame. Measurements of wave velocities of gas hydrate-bearing sediments are required to validate the model assumptions. However, due to the stability requirements for gas hydrate, obtaining intact hydrate sediment samples for detailed characterization has historically been very difficult, although recent success with pressure coring techniques have made this achievable [Schultheiss et al., 2006 [Schultheiss et al., , 2008 : unfortunately, current measurements techniques developed for these samples only provide limited characterization, and do not allow in situ stress conditions to be applied [Yun et al., 2006] .
[4] Because of these difficulties, research has focused on creating artificially synthesized gas hydrates within sediments in the laboratory. However, due to hydrate stability conditions, coupled with the low solubility of methane in water, the formation of homogeneously distributed methane gas hydrate in water-saturated sediments is challenging [Stoll and Bryan, 1979; Winters et al., 2000] . There has been limited success in forming hydrate from gases in the dissolved phase [Buffett and Zatespina, 2000; Spangenberg et al., 2005 Spangenberg et al., , 2008 . In these instances the formation times have been very long, and associated with a lack of control of the distribution of hydrate within the sediment, especially at low saturation values. Acoustic wave velocities for sediments with hydrate grown from dissolved gas suggest that the hydrate behaves as a frame-building component above 40% hydrate saturation, and pore-filling below [Spangenberg et al., 2005 [Spangenberg et al., , 2008 .
[5] To overcome the limitation with methane solubility and lack of knowledge of hydrate location, laboratory studies have been conducted by forming hydrate from the free gas phase. Two different techniques have been utilized, which are herein referred to as the ''excess gas'' method and the ''excess water'' method. In the excess gas method a known volume of water is mixed with the sand prior to hydrate formation, with hydrate content being restricted by the amount of added water: the remaining pore space is filled with the hydrate-forming gas. This technique causes preferential growth of hydrate at grain contacts, which acts as a cement, producing a large increase in sediment strength and wave velocities even when small volumes of hydrate, of the order of 3-5%, are present [Stoll and Bryan, 1979; Waite et al., 2004; Ebinuma et al., 2005; Priest et al., 2005] . In the excess water method, a known volume of gas is injected into the specimen, with water subsequently being injected until a target pore pressure within the specimen is achieved prior to hydrate formation. Hydrate content is restricted by the amount of gas that is added. Yang et al. [2008] , using a similar technique measured wave velocity on specimens of sand, and sand/clay mixtures, with hydrate saturation varying from 24.6% to 34.3% (as calculated from the volume of gas injected). No measurements were obtained from nonhydrate-bearing sediments and so no comparison could be made as to the influence of the gas hydrate; although qualitatively the wave velocity for the sand specimen at 24.6% hydrate saturation was much lower than that observed for the same hydrate saturation using the excess gas method.
[6] An alternative approach has been to use tetrahydrofuran (THF) as an analog for methane as the hydrate former. The advantages of THF as a hydrate former are that it is miscible in water and the stability conditions are such that less specialist laboratory equipment is required. Results from tests using THF [Kunerth et al., 2001; Yun et al., 2005 Yun et al., , 2007 suggest that THF has little effect on sediment strength or wave velocities until the hydrate volume is >40%, thereby suggesting a pore filling behavior. However, differences do exist between THF hydrate and methane hydrate. THF hydrate forms a type II structure rather than type I which is predominantly formed by methane [Sloan, 1998 ]. In addition, hydrate formation from solutions which do not have the ideal stoichiometric water/THF molar ratio of 17:1 may grow at preferential location points [Zhang et al., 2001] . A detailed study by Lee et al. [2007] suggested that the differences between THF and methane as hydrate formers were minor compared to the effects of formation history within laboratory specimens and the pore scale distribution of hydrate within them.
[7] From the research highlighted above it can be seen that a variety of different mechanisms has been suggested for the interaction of hydrate with the sediment frame, depending on the formation process adopted. This paper adds to current knowledge by reporting on the seismic wave velocities measured in sand specimens containing methane gas hydrate formed using the excess water method and compares the results with that from specimens formed using the excess gas method. It is assumed that at the end of hydrate formation all free gas has been consumed and the specimen becomes saturated with water in the pore space: this may resemble typical gas hydrate-bearing environments.
Methodology
[8] This section describes the equipment used for our tests, the methods used for sand specimen preparation and methane hydrate formation, and the method of calculating the resulting proportion of pore space occupied by hydrate.
Equipment
[9] Specimens of single-size Leighton Buzzard sand containing known volumes of methane gas hydrate were tested in the gas hydrate resonant column (GHRC). The GHRC was developed by the authors Priest et al., 2005] to form methane gas hydrates within laboratory specimens under controlled temperature and pressure conditions. The GHRC allows a maximum confining pressure of 25 MPa with independent control of pore pressure. Temperatures can be controlled to 0.1°C from À20°C to +50°C.
[10] The resonant column apparatus (Figure 1 ) utilizes the theory of vibration of a linearly viscoelastic cylindrical rod to quantify the wave velocities [Richart et al., 1970; Drnevich et al., 1978] . The wave type generated within the specimen is dependent on the mode of vibration applied to the specimen. In the GHRC both torsional and flexural vibration [Cascante et al., 1998 ] can be applied from which V s and longitudinal flexural velocity (V lf ) can be calculated respectively. During a resonance test, a sinusoidal voltage is applied to the drive coils to induce a torsional or flexural oscillatory motion in the drive mechanism attached to the top of the specimen through the interaction of the attached magnets and the electromagnetic field generated by the coils. During a frequency sweep, the motion of the drive mechanism and the attached accelerometer produces an electrical output proportional to the induced acceleration. The resonant frequency of the specimen and drive mechanism corresponds to a peak in amplitude from the accelerometer, from which the wave velocity can be calculated. A detailed discussion of the resonant column test method and the data reduction techniques are given elsewhere [Clayton et al., 2009] .
Sample Preparation and Hydrate Formation
[11] The specimens were prepared using Fraction E Leighton Buzzard sand supplied by the David Ball Group, Cambridge, UK. This is a uniform fine sand, with 85% mean particle diameter between 90 and 150 mm by weight. Its grain density (specific gravity) is 2.65. Its minimum and maximum dry densities [Rad and Tumay, 1987; Cresswell et al., 1999] are found to be 1331 kg/m 3 and 1624 kg/m 3 respectively. Minimum and maximum voids ratios calculated from the above dry densities are 0.633 and 0.993 respectively.
[12] Each specimen was prepared by tamping air-dried sand in 8 -10 equal layers within a sample mold to form a dense, 70 mm diameter by 140 mm long, solid cylindrical specimen. Table 1 shows the actual dimensions, densities and initial porosities of the specimens tested along with the subsequent hydrate content. Specimens were sealed within a butyl rubber membrane (to minimize subsequent gas migration) to which thermistors were attached to the outside at mid height on opposite sides of the specimen to measure changes in temperature. A linear variable differential transformer (LVDT) displacement transducer was used to monitor the change in height of the specimen. After forming the specimens 60 kPa suction was applied to the specimen from a vacuum pump through the back pressure line and the resonant column drive system attached. The cell top was then fitted. A cell pressure was slowly applied while simultaneously releasing the vacuum, in order to provide a starting effective stress level (at point A in Figure 2 ) of 250 kPa under atmospheric back pressure and at room temperature. Then, methane gas was slowly injected into the pore space until a predetermined methane pressure was reached. This initial gas pressure was based on the amount of gas hydrate required in the pore space. The details of this calculation are described later. The cell and the pore pressure were simultaneously raised, so as to maintain an effective stress of 250 kPa±50 kPa. Once a predetermined pressure was reached, the methane gas supply was locked off. De-aired water was then injected into the specimen via the base pedestal and top cap until a predetermined water pressure was reached (point B in Figure 2 ), again while maintaining a 250 kPa ± 50 kPa effective stress.
[13] The cell temperature was lowered to 5°C (point C in Figure 2 ), thereby causing the pressure-temperature conditions within the specimen to cross the hydrate phase boundary, and initiate hydrate formation. During this process back pressure was kept constant while water was injected into the specimen, as the methane was consumed in the formation of hydrate. The specimen was kept in the hydrate stability field at 5°C for up to 7 days to allow complete hydrate formation. Full conversion of free gas to hydrate was deemed to have occurred once the measured resonant frequency of the specimen became constant (i.e., no further stiffening of the specimen due to hydrate could be detected) and no more water was required to maintain a constant pore pressure. At this point resonant column measurements were started.
Calculations for Gas Hydrate Volume
[14] Using the excess water method, methane hydrate formed from free gas within the pore space. Hydrate volume was calculated from the number of moles of gas initially injected into the specimen, assuming 100% cage occupancy of both large and small cages of the structure 1 (SI) hydrate crystal. For laboratory synthesized hydrate this is thought to introduce less than 1% error [Huo et al., 2003] . In these tests, where there is an abundant supply of water, one mole of methane gas will produce one mole of hydrate. The number of moles of methane gas, n, required for a given hydrate pore saturation (H c (%)) can be calculated from
where V v is the volume of the pore space (m 3 ), r H is the density of hydrate (910 kg/m 3 [Sloan, 1998]) , and M H is the molar mass of methane hydrate (0.11963 kg/mol [Sloan, 1998] ). As the volume of pore space, V v , is defined by dimensions of the specimen and the volume of sand added, the number of moles of methane gas injected into the pore space can be calculated from the measured pore pressure within the specimen through the Peng-Robinson equation of state [Peng and Robinson, 1976] ;
where
[15] R is the ideal gas constant (8.314472 Â 10 À6 m 3 . MPa.K
À1
.mol À1 )), T c is temperature of methane gas at the critical point (190.6 K (National Institute of Standards and Technology (NIST), NIST Chemistry WebBook, 2005, available at http://webbook.nist.gov/chemistry)), P c is pressure of methane gas at the critical point, (4.656 MPa (NIST, 2005) ), w is the acentric factor for methane gas (0.0108 [Chapoy et al., 2004] ).
[16] Some of the free methane gas dissolved in the pore water as the back pressure was raised. Using the solubility values given by Handa [1990] and taking into account the volume of pore water in the specimen and water pressure system (water in lines and digital pressure controller), the number of dissolved moles of methane was calculated for each specimen. This value was added to the calculated number of moles obtained using equation (1) with the combined value being used in equation (2) to calculate the initial gas pressure required for each specimen.
Results and Discussion
[17] In total, five specimens with different volumes of hydrate pore saturation were formed using the excess water method described above (Table 1) . Target hydrate pore saturations were 10, 15, 20, 30 and 40%. Specimen permeability reduced during hydrate formation such that above 40% hydrate pore saturation the injection of water into specimens was severely restricted and effective stress control could not be maintained.
Hydrate Formation
[18] Table 2 lists the starting pressure applied to each specimen based on the calculated hydrate volume required. Figure 3 shows the change in water intake and temperature with time for specimen H30 (target hydrate content of 30%) during the hydrate formation stage. At position A the pore volume of the specimen is filled with methane gas to the initial target pressure as given in Table 2 , Stage A to B is due to the injection of water into the specimen up to the target back pressure of 18 MPa (highlighted in section 2.2). The temporary rise in measured specimen temperature that occurred during this stage (A to B) was due to the adiabatic temperature increase of the nitrogen cell gas as the cell pressure was raised to maintain the 250 kPa ± 50 kPa effective stress. At position B, the specimen was held overnight at constant temperature and pressure to allow system equilibration, and insure no leaks were present. Gas dissolving into solution was offset by small increases in water intake. At position C, the cell temperature was lowered to 2.5°C over an eight hour period and subsequently maintained at this temperature until hydrate formation ceased (position D). [19] Figure 4 shows the change in water intake with specimen temperature during the hydrate formation stage (position C to D in Figure 3) . At point C, where the specimen temperature starts to decrease, a corresponding increase in water intake occurs with a linear rise until a specimen temperature of about 15°C is reached. This increase is expected due to the reduction in methane gas pressure as a result of the change in temperature (equation (2)). From about 15°C to $7.8°C, the rate of water intake increased slightly. This increase in rate of water intake is thought to coincide with the onset of hydrate nucleation within the pore space of the specimen. The target back pressure chosen during this test (18 MPa) would suggest that hydrate formation, for bulk hydrate, should commence at around 18.6°C [Sloan, 1998] . The discrepancy between the theoretical start of hydrate formation and that recorded here is more likely to have been caused by the internal specimen temperature lagging the external cell temperature, rather than small pore sizes reducing the theoretical temperature for hydrate stability [Clennell et al., 1999; Anderson and Tohidi, 2005] . At $7.8°C the water intake increases rapidly as mass hydrate formation starts to occur. Beyond position D no further water input is required to maintain the back pressure, suggesting that hydrate formation is complete.
[20] The total volume of water injected into the specimen during the test was 208.56 cm 3 . Given the total volume of the pore space for this specimen (221.3 cm 3 ) and the expected volume of hydrate (69.72 cm 3 , calculated from equation (1)), the total volume of water required to saturate the specimen (including hydrate water (assuming a 5.75:1 molar ratio of water/CH 4 ) and free water) would equate to 206.97 cm 3 a volume error of about 1%.
[21] Table 2 shows the volume of water that was taken up by each of the specimens during hydrate formation. Typically, the discrepancy between the calculated water volume required to saturate the specimen after hydrate formation and that actually taken up for each specimen is less than 1%, although specimen H20 was somewhat higher (2.86%). More water was taken up by the specimens than initially calculated. Even with uncertainties in sample dimensions and void ratio, the small errors between calculated and measured water volumes strongly suggest that after hydrate formation each specimen was fully saturated with little or no free gas within the pore space.
[22] The distribution of hydrate within the specimen is dependent on where the gas is located at formation. In these tests the sand was initially dry, with methane gas in the pore space. It was assumed that water injection would not globally displace the methane gas (compress it into the top or the bottom of the specimen) but would form gas bubbles within each pore throat, the bubble size being dependent on the total volume of water injected and the initial gas pressure (the water was injected through porous discs, which distributes the water over the whole diameter of the sample, in about 30 min).
[23] Under this assumption the gas hydrate will be uniformly distributed throughout the specimen. To investigate this, water contents were measured on depressurized samples. Depressurization occurred by slowly reducing cell and pore pressures while allowing drainage through the base (only). Once atmospheric pressure was reached the specimens were removed and subsectioned. Table 3 shows water content results on horizontal subsections for four specimens. Except for the top section, the water content for each of the specimens was reasonably consistent. The lower water contents in the top sections of the specimens may result from higher gas content at the top of each specimen, or gravitational drainage from the base of the specimen during depressurization.
Shear Wave and Flexural Velocity
[24] In the resonant column test V s and V lf can be directly obtained from the torsional and flexural vibration of the specimens, respectively. Seismic velocity measurements for Figure 3 . Water intake with time during pressure ramp and subsequent hydrate formation stage for specimen H30 (30% hydrate target). Also shown is the specimen temperature with time. the five hydrate-bearing sand specimens formed using the excess water method, and one water-saturated sand specimen with no hydrate are presented in Table 4 for resonant column tests carried out under an effective confining pressure of 500 kPa. The influence of hydrate pore saturation on the seismic velocities (V s and V lf ) of these sand specimens subject to isotropic loading and unloading is shown in Figure 5 . Also shown is the response of a sand specimen with 10% hydrate pore saturation formed using the excess gas method .
[25] For the hydrate-bearing sand specimens formed using the excess water method no appreciable change in V s and V lf is apparent for specimens with up to 20% hydrate pore saturations. Above 20% both V s and V lf increase with increasing hydrate pore saturation. Increases of 34% and 22% for V s and V lf , respectively, are observed for specimen H40 compared to specimen H0. In contrast, for the specimen with 10% hydrate saturation formed using the excess gas method, V s and V lf increased by about 207% and 254% as a result of adding hydrate. In addition, using the excess gas method, V s and V lf were almost independent of effective confining pressure (at 10% hydrate saturation) compared to the excess water method where the velocity response of all specimens was similar to that for the sand specimen with no hydrate in the pore space.
[26] For granular soils subjected to an isotropic effective stress, s, 0 it can be shown that V s and V lf can be related to s 0 through a simple exponential relationship of the form
where A and b are constants [Hardin and Black, 1968; Hardin and Drnevich, 1972] ; b represents both the nature of the contact stiffness and fabric change (porosity, number of contacts) as a function of isotropic confining stress [Cascante et al., 1998 ]. The power exponents b s and b lf , obtained from V s and V lf , respectively, are shown in Figure 6 . These exponent values are obtained by fitting equation (8) to the velocity/load response of the specimens shown in Figures 5a and 5b . Also plotted are b s and b lf obtained from specimens formed using the excess gas method. For the excess water specimens, addition of hydrate into the pore space causes no, or only minor, changes (for hydrate saturations above 20%) in both b s and b lf compared to the nonhydrated specimen, with the measured values being within the range expected for normal clean sands [Hardin and Drnevich, 1972; Cascante et al., 1998 ]. The results suggest that hydrate formation using the excess water method does not alter, to any significance, the grain contact stiffness. Minor variations in b s and b lf , at higher hydrate saturation (where effective porosity reduces) may result from hydrate grains stabilizing grain contacts through increased buckling resistance to force chains [Santamarina et al., 2001; Makse et al., 2004] , such that rotation of the contacts are frustrated thereby giving rise to an increase in wave velocity. This effect is similar to that which would result from reduction in porosity, or increase in confining pressure. In contrast the excess gas method leads to a rapid reduction in both b s and b lf to values of about 0.01-0.05 for hydrate pore saturation greater than $3 -5%, highlighting that wave velocity is independent of confining pressure due to the cementing effect of the gas hydrate . This is similar to the results obtained for other cemented sands [Chang et al., 1990; Saxena et al., 1988] .
Compressional Wave Velocity, V p
[27] In offshore seismic surveys compressional wave (V p ) velocities are routinely used to infer the presence of hydrate [Kvenvolden and Barnard, 1983; Hyndman and Spence, 1992; Dillon et al., 1994; Korenaga et al., 1997] ; therefore, it is important to examine the effects of hydrate formation on V p . In the resonant column, flexural velocity, V lf , obtained from flexural excitation of the specimen, can be used to calculate V p .
[28] During flexural excitation the strain field has a linear distribution, varying from tension to compression across the horizontal specimen section [Cascante et al., 1998 ]. At high flexural frequencies relative to the permeability of the test medium there is insufficient time for significant internal cross-specimen drainage, the resonant frequency in flexure will therefore be affected both by the increase in bulk modulus caused by the pore water and by the increase in density of the specimen. However, comparison between results for dry and saturated (hydrate-free) Leighton Buzzard E sand specimens show that the effect of saturation can be predicted by taking into account the increase in specimen bulk density alone, thus showing that at these frequencies internal lateral drainage occurs. Therefore, to derive V p using the measured V lf values the stiffness of the pore water needs to be taken into account as suggested by Gassmann [1951] .
[29] Figure 7 shows the calculated saturated V p values for the excess water specimens highlighted in Table 1 along with the response of an excess gas specimen with 10% hydrate pore saturation. The results show that V p is more susceptible to the influence of gas hydrate in the excess water specimens than both V s and V lf (from Figure 5) , with the variation between individual specimens, especially at low hydrate pore saturation ( 20%), being more distinguishable. In addition, the difference in V p between specimen H40, which has 40% hydrate pore saturation, and the excess gas specimen that has 10% hydrate pore saturation, is much less than that observed for V s and V lf . This susceptibility is primarily attributable to the bulk modulus of the pore water dominating the computed V p values.
[30] Figure 8 shows the comparison of V p /V s ratios for the excess water specimens and the excess gas specimens at a confining pressure of 500 kPa. For the excess water speci- Table 1 . Data are also included from Priest et al. [2005] for an excess gas specimen containing 10% hydrate. 347  491  1655  H10  359  507  1747  H15  364  514  1772  H20  353  502  1802  H30  434  589  1922  H40  470  600  2006 mens there are minor differences in the computed V p /V s ratio as the hydrate pore saturation increases, whereas for the excess gas specimens V p /V s ratios drop dramatically with increasing hydrate pore saturation. The calculated V p /V s ratios for the nonhydrated specimen and excess water specimens are comparable to values measured in the field at low confining pressures [Hamilton, 1971; Hamilton, 1979; Prasad, 2002; Duffaut and Landrø, 2007; Zimmer et al., 2007] . The minor increase in the V p /V s ratio from specimens H0 to H20 result from the increase in V p (Figure 7) , without any corresponding increase in V s (Figure 5a ). For higher hydrate saturations (H30 and H40) the hydrate causes a larger increase in V s (from that of the nonhydrate-bearing specimens) compared to V p and so reducing the V p /V s ratios. For the excess gas specimens V p becomes less dominated by the bulk modulus of the pore fluid and more by the increasing cementation of the sand grains. This leads to a large reduction in the velocity difference between V p and V s and therefore significant changes in V p /V s ratios occur, dropping from about 5 for the nonhydrate-bearing specimens to about 2 for when bonded by hydrates, values similar to those observed for consolidated rocks [Castagna et al., 1985; Wilkens et al., 1984; Shillington et al., 2008] .
[31] Also shown in Figure 8 is the influence of effective confining pressure on the V p /V s ratio for the excess water specimens. It can be seen that the response for all specimens is similar, with V p /V s reducing with increasing confining pressure. At higher confining pressures than used in these experiments it has been shown that V p /V s ratio for saturated soils reduces to a limiting value of 2 and becomes independent of confining pressure [Domenico, 1977; Bachrach et al., 2000; Makse et al., 2004; Duffaut and Landrø, 2007; Zimmer et al., 2007; Yang et al., 2008] . This value is similar to that obtained for the excess gas specimens where both V p and V s are independent of confining pressure.
[32] The results suggest that for naturally occurring hydrate-bearing sediments, where the hydrate formation is similar to the excess water method, the V p /V s ratio will be dependent on porosity, confining pressure and hydrate content and therefore quantification of hydrate pore saturation from either V s , V p or V p /V s ratios would be difficult without a detailed knowledge of the sediment properties and stress state.
Comparison of Laboratory-Derived Wave Velocities and Model Predictions
[33] As already noted a number of modeling approaches have been adopted to try and understand the influence of gas hydrate on the propagation of wave velocities in marine sediments. A key assumption that needs to be considered is how the hydrate interacts with the sediment, i.e., is it pore filling, frame building or cementing. In this paper the modeling approach of Helgerud et al. [1999] is adopted. This uses a modified Hashin-Shtrikman Hertz Mindlin theory proposed by Dvorkin and Nur [1996] to calculate the dry elastic moduli of the sediment frame and the subsequent saturated sediment moduli using Gassmann's equations [Gassmann, 1951] . If the hydrate is pore filling then this is accounted for by modifying the bulk modulus of the pore fluid to account for the addition of gas hydrate. In the cementation model the hydrate is assumed to grow at grain contacts, greatly increasing the stiffness of the sediment frame [Dvorkin and Nur, 1993] . The elastic properties used for the constituent mineral grains and the pore fluid within the modeling are given in Table 5 .
[34] Figure 9 shows the saturated wave velocities for V p and V s as a function of hydrate pore saturation for all the excess water specimens at s 0 = 500 kPa during isotropic loading, along with results from Priest et al. [2005] using the excess gas method. Also presented are the theoretical curves for V p and V s . In the modeling the effective confining pressure is arbitrarily chosen so that the derived wave velocity matches that obtained from the saturated nonhydratebearing sand specimen. From Figure 9 it can be seen that both V p and V s for the excess water specimens closely follow those for the frame supporting model. Although not shown, alternative theoretical models [Lee and Collett, 2005; Lee and Waite, 2008] also suggest a frame supporting behavior for the hydrate saturations tested. Results from Yang et al. [2008] , using a similar hydrate saturation technique, also suggest a frame supporting behavior. In contrast, results for the excess gas specimens both for V p and V s cannot adequately be described by either the cemen- tation model or frame supporting model and therefore these specimens may exhibit a combination of both cementing and frame supporting behavior [Chand et al., 2006] . Results from other studies, using variations of the ''excess gas technique'' also show a cementing behavior Winters et al., 2004] .
[35] Figure 10 shows an interpretation of where the hydrate might reside given the different formation techniques adopted. In sands where hydrate is formed using the excess gas method and water is restricted to grain surfaces and contacts (through surface tension), hydrate forms at the grain contacts, leading to cementation of the sand grains at low hydrate concentrations. As hydrate saturation increases, the degree of cementation as a function of hydrate saturation reduces. In sand specimens formed using the excess water method the hydrate forms around the initial gas bubbles [Tohidi et al., 2001] , which reside in the pore space, such that individual hydrate grains may not be interconnected with each other. As hydrate saturations increase the hydrate grains start to interact with the sediment, helping restrict buckling of the ''force chains'' [Makse et al., 2004] and increasing the number of particle contacts (coordination Figure 7 . Compressional wave velocity with effective confining pressure (s) for excess water specimens listed in Table 1 . Also included are data for an excess gas specimen containing 10% hydrate. number), and the contact area. This will lead to frustration of particle rotation and more effective transmission of the shear wave through the specimen. At low hydrate saturations the bubble size may be small relative to the sand grain such that this effect is limited, but it can be expected to increase with hydrate saturation.
Conclusions
[36] A series of tests has been presented for specimens containing hydrate formed using an excess water technique that allowed for the controlled formation of disseminated gas hydrate, where the volume of gas hydrate formed in the specimen was quantified from the initial number of moles of gas in the specimen. The technique allows gas hydrate to form within the pore space between the sand grains, probably at gas bubble/water interfaces. This morphology is distinct from that produced previously used by the authors, using the excess gas method, where limited water concentrated methane hydrate forma- tion at the grain contacts. Both morphologies may occur in nature.
[37] Velocity measurements, V s and V lf , obtained using a resonant column show that hydrate formed using the excess water method had no apparent effect on the measured velocities of a sand until hydrate saturation was greater than 20% of the pore space, in contrast the excess gas method led to a rapid increase in wave velocity. Measurements of the velocity-stress exponent b, for both shear and longitudinal flexural velocity, showed that excess water specimens had minor influence on b suggesting that no appreciable increase in grain contact stiffness occurs, although at higher saturations the hydrate may help stabilize grain contacts. In contrast the excess gas specimens reduce b to near zero, highlighting the stress independent behavior of these specimens. It was shown that V p , which was indirectly computed in this study, was more susceptible to hydrate, and changes in V p could be identified at hydrate saturations below 20%, which were not evident in either V s or V lf measurements.
[38] For the excess water hydrate-bearing specimens it was shown that the V p /V s ratio was only marginally affected by hydrate once the hydrate pore saturation was above 20%. The marginal change in V p /V s results from relatively larger changes in V s than V p , since V p is dominated by the bulk modulus of the water. In contrast the excess gas hydratebearing specimens showed a drastic reduction in V p /V s to values of about 2, similar to that for consolidated rocks.
[39] Comparison of theoretical models for both V p and V s (where the hydrate is assumed to exhibit a pore-filling behavior, or a frame-supporting behavior, or a cementation behavior) with the measured V p and V s values suggest that for the excess water specimens the hydrate exhibits a frame supporting behavior, similar to that observed by Yang et al. [2008] . For the excess gas specimens the hydrate exhibits a cementing behavior, similar to that observed by others using similar techniques [Stoll and Bryan, 1979; Waite et al., 2004; Winters et al., 2004; Ebinuma et al., 2005] . For hydrates formed out of solution [Spangenberg et al., 2005 [Spangenberg et al., , 2008 , or using THF as the hydrate former [Yun et al., 2005] , a pore filling behavior is observed for hydrate saturations of less than 40%.
[40] Results from the laboratory studies conducted by the authors and comparison with other laboratory observations suggest that the influence of gas hydrate on the physical properties of sediments is strongly dependent on the morphology of the hydrate. As such, careful assessment of possible formation mechanisms must be considered when inferring hydrate contents from the changes in physical properties of natural in situ gas hydrate-bearing sediments. Figure 10 . (a) Location of hydrate in the pore space formed using excess water method: Hydrate forms around gas bubbles. (b) Location of hydrate formed using excess gas method: hydrate forms where water collects at grain contacts.
